Background-MRI can distinguish components of atherosclerotic plaque. We hypothesized that contrast enhancement with gadolinium-DTPA (Gd-DTPA) could aid in the differentiation of plaque components in abdominal aortic aneurysm (AAA). Methods and Results-Twenty-three patients (19 males, age 70Ϯ8 years) with AAA underwent MRI on a 1.5-T clinical scanner 3Ϯ3 days before surgical grafting. T1-and T2-weighted (W) black blood spin echo imaging was performed in 1 axial slice, and the T1-W imaging was repeated after a Gd-DTPA-enhanced 3D magnetic resonance angiogram. A section of the aorta at the site of imaging was resected at surgery for histopathologic examination of tissue components and inflammatory cells. Signal-to-noise and contrast-to-noise ratios (CNR) were measured in visualized plaque components from multispectral MRI, and percent enhancement after contrast on T1-W imaging was calculated. The value for agreement between pathology and MRI for the number of tissue components was 0.785. T2-W imaging identified thrombus as regions of high signal and lipid core as low signal, with a CNR of 6.43Ϯ3.41. Nine patients had a fibrous cap pathologically, which was visualized as a discrete area of uniform increased signal on T2-W imaging with a CNR of 4.52Ϯ1.93 compared with lipid core. Within the cap, the percent enhancement after Gd-DTPA on T1-W imaging was 91Ϯ63%. Conclusions-Higher signal on T2-W MRI identifies the fibrous cap and thrombus within AAA. Contrast enhancement improves delineation of the fibrous cap. The addition of contrast to MRI plaque imaging may enhance identification of vulnerable plaque.
A therosclerotic plaque stability depends on 3 factors: (1) the extent of the lipid core, (2) the fibrous cap and its thickness, and (3) inflammation within the cap. 1 The vulnerable plaque is considered to have a thin or ruptured fibrous cap, large lipid core, and significant inflammatory cell infiltration. [1] [2] [3] MRI has recently shown potential for the noninvasive evaluation of plaque size 4 and constituents [5] [6] [7] [8] [9] such as the fibrous cap, lipid core, calcified plaque, and intimal-medial hyperplasia, as well as plaque rupture. 10 The effect of therapies, such as lipid lowering, on these components has begun to be studied. 11 The ultimate goal of noninvasive imaging is to be able to discriminate these components in vivo in the coronary and carotid arteries. Image resolution is such that developmental work has been performed in larger arteries such as the carotids and aorta.
Differentiation of fibrous cap from other tissues and detection of inflammation within plaque is an important goal. Contrast agents offer potential benefits in this regard. Contrast enhancement with gadolinium-DTPA (Gd-DTPA) has been demonstrated to be equivalent to or better than T2-weighted (W) imaging for discriminating fibrous cap from lipid core in a small group of patients with carotid disease. 12 Another study suggests that circulating markers of inflammation correlate with magnetic resonance (MR) markers of atherosclerosis, which include the extent of Gd-DTPA enhancement of the plaque. 13 Neovascularization within atherosclerotic plaque has also been identified after contrast. 14 We hypothesized that MRI could identify components of atherosclerotic plaque in patients with an abdominal aortic aneurysm (AAA) and that MRI techniques that include contrast enhancement could identify the fibrous cap and detect inflammation within the cap as validated by histopathology.
Methods
Patients undergoing open grafting of AAAs were recruited into the study before surgery. Patients who were scheduled for endograft repair of their AAA were excluded because no tissue would be available for comparison. All patients signed informed consent forms, and the study protocol was approved by the Human Investigation Committee of the University of Virginia.
Imaging was performed on a Siemens Vision 1.5-T MR scanner with a 4-element phased-array coil around the abdomen. ECG monitoring and gating was performed. After scout imaging, a multislice T2-W turbo spin echo sequence was performed to define a transverse plane demonstrating significant plaque burden within the aneurysm. Subsequently, T1-W images were acquired in that plane with a cardiac-gated, breath-hold, segmented, turbo spin echo sequence with repetition time (TR) of 1ϫRR interval, echo time (TE) of 32 ms, echo train length (ETL) of 9, and 180°refocusing radiofrequency pulses. T2-W images were obtained in the same plane by a similar turbo spin echo sequence but with a longer TE (80 ms), a longer TR (2ϫRR interval), and an ETL of 23 (Figure 1 , top left). All sequences contained a dark blood preparation pulse (selective 180°/nonselective 180°) to reduce artifacts from blood 15, 16 and were performed in single breath-hold acquisitions. Field of view (FOV) was 320 mm and matrix 264ϫ512, which yielded a pixel size of 1.21ϫ0.62 mm 2 with 7-mm slice thickness.
A 3D Gd-DTPA-enhanced MR angiogram of the aneurysm (TR 4 ms, TE 1.6 ms, slab thickness 96 mm with 48 partitions, 30°flip angle, 360 mm FOV, 160ϫ256 matrix, and 2 acquisitions) was then performed during infusion of 0.1 mmol/kg Gd-DTPA (Magnevist, gadopentetate dimeglumine; Figure 2 ). The T1-W imaging was repeated Ϸ5 minutes after Gd-DTPA infusion with identical parameters as before contrast (Figure 1 , top right).
The surgeon was shown the site of MRI relative to landmarks (eg, renal arteries) in order to localize the region of the aneurysm to resect ( Figure 2 ). During surgery, the aneurysm was opened longitudinally. A 1-cm-thick cross section of the aorta at the landmarked location was resected for histopathologic examination. Approximately 10% of the posterior wall of the aneurysm was left intact for ease of closure. The surgeon marked the anterior surface of the resected circumference of the aneurysm with a suture.
Each specimen was suspended on a whole tissue mount and photographed. The tissue was blocked in by the pathologist, who examined hematoxylin-and-eosin-stained sections that were 4 m thick. The pathologist blinded to the MRI findings histologically assessed the plaques for the presence of a fibrous cap, inflammatory cells in the fibrous cap and body of the plaque, number of layers of thrombus and plaque components, and extent of lipid ( Figure 1 , bottom panels). Extent of inflammatory cell infiltration in the fibrous cap was assessed as the average number of white blood cells (WBC) per high-powered field (hpf).
An investigator (JMD) blinded to the pathological findings analyzed the number of visualized layers within the plaque by MRI, initially on T2-W imaging. All images were analyzed with Image J software (National Institutes of Health). Signal intensity was averaged from 3 circular regions of interest (ranging from 1 to 2 mm in diameter) within each visualized plaque component on the T2-W MRI that were then copied on each of 2 additional images (T1-W, post-Gd-DTPA T1-W) at equivalent locations. Noise was measured on each image, and signal-to-noise ratio (SNR) for each plaque component was calculated. The contrast-to-noise ratio (CNR) between visualized plaque constituents within plaque on T1 and T2-W imaging was measured. Percent enhancement for all visualized plaque components from pre-Gd-DTPA to post-Gd-DTPA on T1-W imaging was measured. Thickness of the fibrous cap was measured at 5 evenly spaced locations around the cap and averaged. Another investigator (CMK) compared the MRI findings directly to pathology to ensure proper matching of the images to the pathological specimens.
Cohen's test was used to test the agreement between pathology and MRI for the number of tissue component layers visualized.
Results for SNR and CNR of tissue components between imaging sequences were analyzed by ANOVA. Precontrast to postcontrast signal enhancement was analyzed by a 2-tailed Student's paired t test. SNR and percent enhancement between caps with and without inflammation were compared by 2-tailed unpaired t test.
Results
Twenty-three patients (19 males) with a meanϮSD age of 70Ϯ8 years were recruited before scheduled surgery for elective repair of AAA. The greatest diameter of the aneurysms measured by ultrasound or computed tomography before scheduling of the surgery was on average 5.9Ϯ0.8 cm.
Patients underwent MRI at a mean of 3Ϯ3 days before the operative procedure.
Pathology demonstrated that patients had between 1 and 3 layers of plaque constituents across the plaque surface (Table  1) . These components included the fibrous cap, thrombus, and/or a lipid rich core. In 5 patients, fibrous cap, thrombus, and lipid core were identified (Figure 1 , top left). Two others had fibrous cap and thrombus, and another 2 had a fibrous cap and lipid core identified. The most common finding was no cap with both thrombus and lipid core seen (nϭ12; Figure 3 ), and another 2 patients had homogenous thrombus only.
The value for agreement between pathology and MRI for the number of components visualized was 0.785 (21 of 23 specimens were concordant; Table 1 ). MRI did not identify an unambiguous fibrous cap in 1 patient primarily because of suboptimal image quality but also because of significant residual contrast in the blood pool on post-Gd-DTPA imaging in that patient. In another patient, areas of both high and low signal on T2-W imaging were seen within the plaque underlying a cap, consistent with both thrombus and lipid core. However, the cap and lipid core, but no thrombus, were noted by pathological examination. This may have been because the pathological specimen was less circumferential in this patient and could have sampled only the region of lipid core.
MRI identified thrombus as regions of high signal on T2-W imaging (SNR 13.44Ϯ3.80) and lipid core as lower signal (SNR 6.75Ϯ2.85; Figures 1 [top left] and 3; Table 2 ). The CNR for thrombus to lipid core on T2-W imaging was 6.43Ϯ3.14. On T1-W imaging, the SNR was 15.61Ϯ7.42 for thrombus and 12.19Ϯ6.40 for lipid ( Figure 4 ). The CNR for thrombus to lipid was 3.41Ϯ4.06 and did not increase significantly after contrast ( Table 2) . Percent enhancement on T1-W imaging was 4Ϯ18% (PϭNS) for thrombus and 12Ϯ31% (PϭNS) for lipid core. Nine patients had regions of significant calcification within plaque. This was identified in 7 of the 9 patients as a region of signal loss consistent across all imaging sequences.
By histopathology, there was a clearly demarcated fibrous cap in 9 of the aortic samples in the 23 patients. The fibrous cap was visualized by MRI as a discrete area of uniform increased signal on T2-W imaging that ran along the luminal surface of the entire plaque circumferentially. In 1 case, the cap was thick, measuring 7.1 mm, but in all others, this was visualized as a thin layer measuring 1.7Ϯ0.4 mm thick (range 1.4 to 2.4 mm). This layer demonstrated higher signal intensity on average than that of lipid core on T2-W imaging, Of the 9 patients with a fibrous cap demonstrated histologically, 5 had evidence of inflammatory cellular infiltrate within the cap, with between 15 and 120 WBC/hpf (Figure 1) , and 4 did not. Four of the 5 with inflammation had a clearly visible fibrous cap by MRI. SNR for caps with and without inflammation for T2-W and T1-W imaging are shown in Table 3 . The CNR compared with lipid core for T2-W imaging was 4.86Ϯ2.63 in those with inflammation and 4.10Ϯ0.56 in those without (PϭNS). However, there tended to be a greater increase in postcontrast enhancement on T1-W imaging in patients with infiltration of inflammatory cells identified within the fibrous cap (123Ϯ67%) compared with those without inflammation (51Ϯ29%, PϽ0.08; Table 3 ).
Discussion
The present study demonstrates that MRI can noninvasively demonstrate the components of atherosclerotic plaque within AAA. The presence of a fibrous cap, thrombus, and lipid core can be identified with very good agreement with histopathology. T2-W imaging is quite useful for differentiating plaque components and was used to make the initial differentiation of thrombus and lipid components. Higher signal on T2-W MRI helps to identify both the fibrous cap and thrombus. Contrast enhancement with Gd-DTPA improves delineation of the fibrous cap on T1-W imaging. Contrast enhancement within the fibrous cap may add to the evaluation of the vulnerable plaque.
MRI has been shown to correlate well with transesophageal echocardiography for delineation of the size and extent of plaque in the descending aorta. 17 Plaque regression with lipid-lowering therapy can likewise be quantified in both the aorta and carotids. 18 Transesophageal MRI with a loopless radiofrequency receiver inside a nasogastric tube has been shown to more accurately measure the thickness and circumferential extent of aortic plaque compared with transesophageal echocardiography. 19 To the best of our knowledge, the present study is the first to examine aortic plaque morphology in humans and to compare it to histopathology.
The utility of MR for differentiation of plaque components has been increasingly recognized. Investigators first demonstrated that water T2 is shorter in the lipid-rich core of atherosclerotic plaques than in the collagenous cap or normal media. 20 Later, the same group used T2-W imaging to identify fibrocellular, calcified, lipid, and thrombotic components. 6 Shinnar et al 7 demonstrated high accuracy of ex vivo MRI in carotid endarterectomy specimens and proposed MRI criteria for differentiating calcium, fibrocellular, lipid core, and thrombus components. Later in vivo studies in animals confirmed these findings, demonstrating the ability of MRI to differentiate plaque components in vivo. 21 More recent studies in humans corroborate this ability to define plaque morphology with multispectral MRI in carotid arteries 8 and have shown good correlation with American Heart Association-defined classification of plaque. 9 The present study confirms this capability in aortic atherosclerosis.
Thrombus can be identified in vivo, 22 but its signal characteristics on T2-W imaging may depend on its age, because higher signal is seen on thrombus up to 1 week in age, which declines thereafter. 23 Exact identification of the age of thrombus was not possible in the present study.
Investigators have begun to examine the relationship between contrast enhancement and atherothrombosis as evaluated by MRI. Enhancement after infusion of contrast agents has been examined in balloon-injured carotid arteries. 24 The vessel walls were visualized by MR angiography even in the presence of thrombotic occlusion, and this was thought to be due to neovascularization in the neointima or the thrombus. Another study also suggested that neovascularization accounts for contrast uptake in atherosclerotic plaque. 25 These investigators demonstrated that fibrous tissue showed a mean increase in signal intensity after contrast of 79.5% for fibrous tissue and less for the necrotic core (28.6%). They found regions of neovascularization within a subset of fibrous regions that accounted for much of the increase in signal intensity. No neovascularization was seen by histopathology in the present study, although special stains to identify neovascularization were not used. In another study of 84 patients with carotid atherosclerosis, carotid walls showed hypointense inner rims and enhancement of the outer rim after Gd-DTPA infusion. 26 The investigators hypothesized that this enhancement was due to angiogenesis within the wall, although no histopathologic confirmation was available.
A recent study correlated serum markers of inflammation in humans with MR markers of plaque in the aorta and common carotids. 13 MR markers of plaque included increased wall thickness, higher T2-W signal intensity, and increased contrast enhancement values after Gd-DTPA infusion. 13 These patients with MRI markers of plaque had higher values of interleukin-6, C-reactive protein, vascular cell adhesion molecule-1, and intercellular adhesion molecule-1 than those without MRI markers, which suggests the association of MRI findings, including contrast enhancement, with inflammation.
The present study is consistent with the finding of prior investigations that enhancement of the fibrous cap after Gd-DTPA improves its delineation, increasing the SNR of fibrous cap and lipid core without loss of CNR between these components. 12 The increase in signal seen in the study by Wasserman et al 12 was 28.7% for short TR images, less than that seen in the present study. The absolute thickness of the cap is much less in the carotid (usually Ͻ0.25 mm) than in AAA (on average 1.7 mm in the present study), and the extent of contrast uptake may be more difficult to discern even though image resolution is superior in carotid imaging. This may have important implications for coronary plaque imaging in which the fibrous cap is on the order of 65 to 150 m thick. 3
Study Limitations
Atherosclerotic plaque in AAA may be quite different from that in carotid or coronary arteries. For one, the extent of thrombus is greater. However, MR techniques are able to differentiate tissue components regardless of the nature of the composition of plaque in different arterial systems. The nature of inflammation in the fibrous cap in the present study was primarily acute. This may be different from the monocyte/macrophage predominance in carotid and coronary plaque, and the findings of increased Gd-DTPA uptake in the cap may not be extrapolated to these locations. Because a fibrous cap was not a uniform finding in AAA in the present study (9 of 23 patients), the power of the study to detect differences in signal intensity as a marker of inflammation within the cap was lower than anticipated. Matching of inflammation and contrast enhancement on a segmental basis along the circumference of the plaque was not performed.
Misregistration error could have occurred if the surgeon resected an area of the AAA different from that imaged. However, care was taken to landmark the site imaged relative to the renal arteries to enable the surgeon to identify the region to resect. Proton-density-weighted imaging was not used in the present study because a review of the literature demonstrates that T2-W and T1-W imaging are more useful for discriminating tissue components. [7] [8] [9] 21 The time after contrast for T1-W imaging was slightly variable owing to time-consuming reconstruction of the MR angiogram, which may introduce variability into the postcontrast signalintensity measurements.
Some of the postcontrast T1-W images demonstrated unsuppressed contrast (Figure 1) . A quadruple inversion recovery sequence may have reduced this problem. 27 
